Bundle sheath strands and mesophyll cell extracts 
Studies of the specialized process whereby maize and other C4 plants convert solar energy into usable chemical energy can provide valuable information about both photosynthesis itself and mechanisms of cell-specific gene expression. These plants possess two carboxylase enzymes, PEPCase4 and RuBPCase, which are compartmentalized in different photosynthetically active leaf cell types in maize. The cellular localization of the proteins (13, 20) and enzymic activities (15) (18) , ensuring that the sensitivity of the mRNA detection methods employed would not be limiting. Leaf blades used for the isolation of mesophyll cell extracts and bundle sheath cell strands were deribbed, separated into thin lengthwise strips and quickly placed into liquid N2. Once frozen, the leaf material was chopped into approximately 0.5 cm long pieces by vigorous hand-blending. This leaf material was then stored at -70C until used.
Leaf tissue used for in situ hybridization experiments was cut into pieces 2 to 3 mm on a side and placed immediately into Farmer's fluid fixative (3 parts anhydrous ethyl alcohol: 1 part glacial acetic acid) (4) for 30 min. The tissue was then dehydrated using a tertiary butyl alcohol series (4) and embedded in paraplast. Transverse sections 10 gm thick were cut on a Spencer '280' microtome and mounted on 'subbed' slides (9 ,ug/ml yeast tRNA, 10% dextran sulfate, and 500 ,ug/ml poly(A) as described by Cox et al. (8) . Thirty ,ul of hybridization probe (1 x IO6dpm) was added to each slide, two 22 mm siliconized coverslips were carefully placed over 15 ;J aliquots of the hybridization solution. The coverslips were sealed with rubber cement and the slides placed in moist chambers (9) . Hybridization was allowed to proceed at 42 to 46°C for 36 to 48 h.
Following the incubation period, the rubber cement and the coverslips were removed from the slides by gently pulling them off with a pair of forceps. The slides were then treated with RNase A and washed extensively to remove non-specifically bound probe. The post-hybridization protocol of Angerer and Angerer (1) was used for these procedures. The slides were then dehydrated through an ethyl alcohol series, 5 min in each: 30, 50, 70, 85, and 90%. To prevent denaturation ofthe nucleic acid hybrids, the ethanol solutions contained 300 mM ammonium acetate (5). The slides were then passed through two changes of 100% ethanol and air dried.
The slides were dipped in Kodak NTB-2 photographic emulsion, (Fig. 2b) and RuBPCase LSu sense (Fig. 2d) Figure 2 ; sections were incubated with PEPCase antisense (Fig. 3a) , PEPCase sense (Fig. 3b) , RuBPCase LMu antisense (Fig. 3c) , and RuBPCase LSu sense (Fig. 3d) proves, respectively. v = vascular tissue; b = bundle sheath cell; m = mesophyll; e = epidermal cell (magnification of Fig. 3, a and b , approximately x 1200; that for Fig. 3, c and d, x 1000 ).
RESULTS
isolated from unfractionated leaf tissue. The blotted RNAs were hybridized with a nick-translated probes for maize PEPCase and Figure 1 shows a representative Northern blot of mesophYll RuBPCase LSu. PEPCase mRNA, 3.4 kilobases, accumulates in cell-specific RNA, bundle sheath cell-specific RNA and RNA maize leaf mesophyll cells but not in bundle sheath cells (Fig. 1) . (17) . This Northern blot was also hybridized with a nick-translated cDNA probe for the nuclearencoded SSu of RuBPCase. RuBPCase SSu mRNA also accumulates exclusively in maize leaf bundle sheath cells (Fig. 1) (6) .
The photomicrograph in Figure 2a illustrates the results attained for PEPCase mRNA localization using the in situ hybridization technique. Duplex RNA molecules have been formed between an Sp6 promoter-generated PEPCase 'antisense' mRNA probe and the PEPCase mRNA fixed and retained in the leaf tissue sections. As indicated by the presence of silver grains (white specks in these dark field photomicrographs) in the photographic emulsion, PEPCase mRNA is found localized in the leaf mesophyll cells. When viewed at low magnification (as in Fig. 2a ), this mesophyll cell-specific hybridization is seen as a figure eight pattern, contained between the epidermal cell layers and weaving its way around the vascular bundles and the leaf's intercellular regions. The photomicrograph in Figure 2b illustrates the results of an identical experiment except that the radioactivity labeled probe consisted of RNA molecules identical in nucleotide sequence to a stretch of maize PEPCase mRNA. This use of the sense PEPCase RNA probe served as a control experiment; only background levels of hybridization were expected and observed. Similar experiments were conducted using Sp6 promotergenerated RuBPCase LSu antisense RNA probe experimentally and RuBPCase LSu 'sense' RNA probe as a control. In Figure   2c and d, duplex RNA molecules have been formed between the antisense probe and the RuBPCase LSu RNA fixed and retained in the leaf sections. These hybrids, as evidenced by the localization of silver grains in the photographic emulsion, are localized in the bundle sheath cells which are seen (Fig. 2c) surrounding several intermediate leaf veins. Only background hybridization was seen when identically prepared leaf sections were incubated with labeled sense RNA transcripts (Fig. 2d) . The somewhat higher signal to noise ratios seen in Figure 2c (despite longer exposure times) as compared to Figure 2a is due, at least in part, to the fact that the slides depicted in the former figure were developed at 15°C while those in the latter were developed at room temperature. Figure 3 illustrates more clearly the cell-specificity of PEPCase mRNA and RuBPCase LSu mRNA accumulation in maize leaves. The micrographs in this figure were photographed at a higher magnification than those in Figure 2 . Only background levels of hybridization can be seen in the epidermal and vascular cells depicted in these photomicrographs. In Figure 3a , however, strong hybridization is detected in the mesophyll cells of a leaf section hybridized with PEPCase antisense probe. Conversely, in Figure 3c , it is the bundle sheath cells, in a leafsection containing a smaller vascular bundle than that depicted in Figure 3 , a and b, in which RuBPCase LSu mRNA is strongly detected. This chloroplast-encoded mRNA also appears to be appropriately localized in the bundle sheath cell plastids. Organelle-specific hybridization is, however, difficult to distinguish from hybridization in the bundle sheath cell cytosol itself; both cellular components appear localized along the periphery of the cell nearest the mesophyll cell layer. In the mesophyll cells, which make up most of the rest of the interior of the leaf (Fig. 3c) , backgroun hybridization is all that can be detected.
DISCUSSION
Data presented in Figure 1 demonstrate that the strict localization of PEPCase in maize leaf mesophyll cells is paralleled by accumulation of its mRNA exclusively in the same cell type. It has been previously demonstrated that PEPCase is immunologically identified in the in vitro translation products encoded by maize mesophyll cell mRNA but not in those encoded by bundle sheath cell mRNA (6) . The results presented here effectively eliminate the possibility that translationally inactive ('masked') RNAs are significant factors in the cell-specific regulation of this gene family. PEPCase cell-specific gene expression is, rather, a result of either transcriptional control or the rapid degradation of PEPCase mRNA in maize leaf bundle sheath cells. Data presented in Figure 1 corroborate the results attained by Link et al. (17) ; maize mesophyll cells lack RuBPCase LSu mRNA. The cell-specific expression of the gene encoding RuBPCase LSu is also, therefore, most likely a result of cell-specific transcriptional regulation or mRNA degradation.
While studies of cell-specific gene expression in mature leaf tissue can, with perseverence, be conducted on isolated maize leaf cell fractions (Fig. 1) (6, 15, 17, 23 
